I have chosen the subject of the control of growth because I believe it is one of the fields in which we shall see dramatic changes in the next few decades. When we speak of growth we first of all think of the normal development of the organism. We are concerned with the normal growth of one or more cells into the adult organism. This subject has been traditionally studied among others by embryologists in the laboratory and paediatricians in the clinic. However, the adult organism is not static but is held in a state of dynamic equilibrium where most tissues show a steady or variable rate of cell loss and these cells are continuously replaced by balanced growth. Indeed, there are only a few examples, neurones and striped muscle, where one does not find a continuous turnover of cell population in the adult organism. Sometimes during an animal's life there are dramatic normal variations in growth rates of particular organs, and here I am thinking principally of the changes that occur in vertebrates during the sex cycles.
Growth after Injury
The normal rates of replacement are enormously accelerated by injuries of many kinds. For example, if one examines the normal liver one would consider oneself extremely lucky to find a single mitosis in many thousands of cells. A single mouse liver cell may have a life expectancy of 3,000 days, which is many times the animal's normal life span. On the other hand, following an injury such as removal of half the liver, one finds a very high rate of mitosis, so that a large proportion of the remaining uninjured cells divide within a few days and the liver volume is returned to normal. Similarly the mitotic rate found in the skin is quite small under normal circumstances; normal basal cells of the skin may divide once a month, but following an injury the mitotic rate in the epidermis adjacent to the skin loss increases sixtyfold. Thin layers of epithelial cells, such as guinea-pig's cornea, illustrate this more clearly. The single cell layer of the rabbit's lens epithelium illustrates a dramatic and remarkable wave-like sequence of mitoses following injury. The reactions in the epidermis of the blood-sucking bug Rhodnius following injury, so beautifully demonstrated by Wigglesworth, seem exactly analogous to the mammalian phenomenon.
Work Hypertrophy
Extending this idea of 'reaction to injury' to include adaptations to increased work, we see remarkable examples of hypertrophy and hyperplasia under different normal and pathological conditions. Many organs are capable of increasing their cell numbers or increasing their cell volumes remarkably if they are given the appropriate stimulus. For example, the parathyroid glands enlarge by hyperplasia to many times their normal weight in dogs that have nephritis. This was demonstrated by one of the previous Presidents of our Section, Dr Hugh Platt. Another dramatic example is the enormous thickening of the giraffe's posterior tibial artery which is normal at birth but which must gradually withstand the sum of normal systolic pressures plus the largest hydrostatic pressure in the animal kingdom. Where cells are incapable of division, such as in the heart, the fibres enlarge and it is quite common to find hearts which are two or three times the normal weight in subjects who have suffered from hypertension or valvular disease.
The problem of cancer is clearly related to a failure in the normal control of growth mechanisms. Finally the last enemy which we must all at present meet is the problem of ageing. It may be that the problem of ageing is, if not entirely dependent upon, at least closely related to the failure of normal replacement of cells. The aged brain for example is deficient in neurones. For these reasons the importance of the control of growth is self-evident as it concerns medicine. The relevance of a knowledge of growth-controlling mechanisms is similarly important to veterinary medicine, although the aspects of ageing and neoplasia are probably less urgent. However, there are exciting possibilities in animal husbandry if growth of specific parts could be accurately controlled. One has only to think of the pig's back, the chicken's breast or the sheep's fleece.
Already we know of many hormones which affect the general body growth or the growth of specific organs. Growth hormone itself profoundly influences general body growth either by its absence, when dwarfism is produced, or if it is in excess, when gigantism or acromegaly results. We also know of the influence of the thyroid hormone in promoting growth. The sex hormones are particularly interesting in the specificity of their action. For instance the control of the growth and shedding of the endometrial mucosa in a cyclical fashion and the growth of the follicle, and the control of ovulation are important examples. In this connexion it is clear how a knowledge of how to control these growth hormones may well lead to dramatic and fundamental changes in human behaviour and control of human populations.
It is important and interesting to note that, whereas numerous growth-controlling hormones have been isolated, all of them are produced in compact small glands and have their specific actions at a distance. In sharp distinction, local animal growth hormones have not yet been chemically identified. However, the chalone of Bullough has been extracted and some properties defined. Indeed, many of these substances are peculiarly elusive. If, however, we turn to the plant kingdom, we find that there are many substances, at least eight, which are concerned in the initiation of growth and the development of plants. The structural formula and how these various hormones act at different times during the germination and growth of a seed are known. It is said that when Szent-Gyorgyi was asked why he spent so much time studying the enzymes of the cabbage he replied: 'Because they are so like human beings.' Unfortunately, or possibly fortunately, the plant hormones do not affect animal tissues. Again one can see the immediate dramatic and startling results of a knowledge of these hormones. These plant hormones or their synthetic analogues are now used throughout the world in horticulture with great effect. By analogy it would seem safe to assume that the local growth hormones in the animal are equally as complex and numerous as those in plants. We may therefore look forward to the isolation of many locally produced and locally acting animal hormones and we can confidently predict that they will have dramatic uses in medical therapy and in animal husbandry.
When we turn to more complex examples of regeneration as opposed to simple repair we find that amphibia are particularly endowed in these capabilities. The regeneration of the amphibian amputated limb is a well-known example. Another more remarkable example is depicted in the regeneration of the newt's lens. This occurs in the adult animal if its normal lens is removed. The new lens regenerates specifically and only from the middle of the upper iris. The situation of the lens in acellular, aqueous and vitreous humours might be thought to provide opportunities which would facilitate the identification of chemical growth controlling substances, but evidence of their existence is still incomplete and confusing. In general, mammals are extremely limited in their ability to regenerate complete organs or limbs. For instance, after loss of skin the specialized appendages such as hair, sebaceous glands, sweat glands, &c., are normally not regenerated. However, the remarkable and rapid regrowth of the male deer's antlers each year is a striking example of the regeneration of a complete structure including hair. We know now that the shedding or retention of the antlers is determined by the level of sex hormones in the blood. Indeed Aristotle makes the first known observations in this field showing that if the stag with horns is castrated the antlers are not shed. It is this kind of regenerative capacity, as shown by regrowth of antlers, that leads us to believe that if only we knew the mechanism we could induce regeneration of many kinds of organs in adult mammals.
In both the regeneration of the newt's eye and in the case of the deer's antlers we know that regeneration involves not only growth but a remarkable control of form. D'Arcy Thompson showed that many apparently quite dissimilar animal forms could be related by relatively simple mathematical transformations. Thus the cannon bone of the ox, the sheep and the giraffe can be related by changing the rectangular co-ordinates. Thus the bones of the ox can be simply narrowed and lengthened so as to look very much like those of the giraffe. In a similar way the human skull can be transformed so as to look very much like the chimpanzee skull, or that of the baboon, or indeed like that of the dog. These studies may well lead to some comprehension of how gene action may influence animal form. We are already conversant with the idea that genes control the quality and quantity of enzyme actions. If we postulate that there is a chemical basis controlling the transformations necessary to convert the human skull into a shape similar to that of the dog's skull it is only one step further to understand how gene-controlled chemical gradients produce such dissimilar skull shapes in developing animals.
Bearing in mind some of these intriguing possibilities we are at present studying two systems which may throw some light on the general problems of the control of growth and form. The first is the hair and its follicle. Some years ago, while pondering the whiskers of a dead mouse over a cup of tea in my laboratory I noticed that the vibrissm were in regular ranks and files. Subsequently at Stanford University I rediscovered that every mystacial whisker of the mouse is a distinct individual which takes up its constant place in a regular pattern. Each whisker had been named already by Professor Danforth, who had been Professor of Anatomy at Stanford in the 1920s. Most of my year at Stanford was spent studying the four large whiskers which occur as a vertical row in the most posterior part of the mystacial group. The second whisker from the top, the 'F' whisker, is the largest and is more used than the others. My colleagues were quick to point out how my investigations tickled them and I was also asked whether I was supported by a Mickey Mouse Fellowship.
Each vibrissal follicle produces a series of hairs of definite shape and size. In the adult the growth rate and the interval before the next hair cycle are constant. The cycle can be disturbed in a number of different ways. All the epithelial cell division for hair growth occurs at the very bottom of the follicle. If a hair is plucked during the growing phase most of the dividing (matrix) cells are left behind but the follicle produces a new hair cycle. Only if the hair exceptionally breaks off higher up the follicle does the cycle complete itself. On the other hand doses of radiation that prevent the great majority of matrix cells from dividing only temporarily slow the growth rate and narrow the hair shaft. But the growth rate and shaft thickness recover and the normal cycle is continued. With high doses of radiation every epithelial cell may be prevented from cell division and the follicle is permanently epilated. In these circumstances the almost normal but isolated dermal papilla can still be found in the bottom of the follicle. Intermediate doses of radiation occasionally result in one extra-long thick hair as though the growing potential of two cycles were combined. From the features of the normal cycle and these observations the following hypothesis was made: information from the papilla instructs the matrix cells to divide, the matrix cells move up the hair follicle because of this and as they differentiate they 'feed back' information (maybe substance) that is stored in a 'reservoir' in the papilla. When a critical amount of this substance is accumulated it 'switches' off the information from the papilla to the matrix and cell division stops and so ends the cycle.
If it is assumed that each papillary cell has its own reservoir and in the early stages of the follicles' cycle there is an excess of papillary-tomatrix 'information' (because the hair is small relative to the papilla), then loss of papillary cells should result in early termination of the hair cycle. We therefore aimed at cutting the papilla in half surgically and succeeded in several instances. A normal-looking new hair grew out after this operation but only grew to half its proper length. We are now pursuing this idea to test the 'reservoir' hypothesis further.
Another intriguing system is the growth plate or epiphyseal plate of the long bones. Dr Janet Noel and I have found that if the tail vertebr. of young growing mice are transplanted under the kidney capsule of an adult syngeneic mouse the bones grow to the same length as would have been expected had they been left in their proper place. Thus they exhibited great independence of growth. Cut off from their usual nerves and other forces and in a uniform adult hormonal environment they still grow normally. If the bones were placed inside young mouse kidney capsules they grew longer than expected. We explained these effects by assuming that what the bones lost on the hormonal 'roundabout' in the adult they made up on the warmth of the 'swings' in the kidney capsule. This idea was confirmed by subjecting young mice to continuous infra red irradiation when we produced small mice with exceptionally long tails and the cool controls were bigger mice but with shorter tails. Treating adults, bearing bones in their kidney capsules, with growth hormone increased the growth of the transplanted bones. We concluded therefore that although temperature and hormonal environment could influence the total amount of bone growth the mainspring for epiphyseal plate cell division was an intrinsic property of the generative cells themselves. Bone growth may be limited by a definite number of cell divisions in the generative zone of the growth plate. It is difficult otherwise to envisage how every bone in the body more or less approaches its 'proper' length in relation to all the others.
In conclusion I would like to say that there must be very many different and distinct control mechanisms that not only account for normal development but also take part in normal maintenance, repair, wound healing, regeneration and neoplasia. As yet, certainly at the local level in mammals, our knowledge of these mechanisms is very deficient. However, I hope I have shown that relatively simple experiments may lead to formulation of hypotheses that are capable of being tested and that in the next few years we may look forward to important advances of great value to medicine and veterinary science.
